The occurrence of certain long-range correlations between nucleotides in DNA sequences of living organisms has recently been reported. The biological origin of these correlations was unknown. The correlations were proposed to be concerned with fractal structure and differences between introncontaining and intron-less sequences. We and others have reported that no consistent difference exists between intron-containing and intron-less sequences. In agreement with this, we demonstrate here that the long-range correlations are trivially equivalent to the varying ratio R between pyrimidines and purines (or any other nucleotide combinations) in different regions of a DNA sequence. Moreover, we show that this variation of R has simple biological explanations: Differences in base composition occur along most DNA sequences and are associated with (i) simple repeats (ii) differences in codon composition (due to the amino acid composition in the encoded protein), (iii) change of the direction of transcription (and thus also translation), and (iv) differences between protein-and rRNA-encoding segments. Seven biological examples are given.
INTRODUCTION
Several recent reports have described the occurrence of a special kind of long-range correlations between nucleotides in DNA sequences (1) (2) (3) (4) (5) . It was claimed that such correlations appear only in intron-containing sequences (1, 2, 4) , whereas intronless sequences show no long-range correlations whether of eukaryotic or prokaryotic origin. Voss, in contrast, reported that correlations differ between evolutionary categories of organisms without distinguishing between intron-containing and intron-less sequences (5) . Because of the possible far-reaching nature of the claimed observations of long-range correlations (6) (7) (8) , it is important that their existence be firmly established and the reasons for their appearance clarified. These correlations could also be of physical interest, since long-range correlations are often considered to be associated with the existence of some nonequilibrium dynamic process (4), fractal and/or chaotic structures, etc. In this sense, intron-less sequences would seem to exist in an equilibrium state, whereas intron-containing sequences do not (4) . It has even been speculated that these findings may shed light upon the biological significance of introns (4, 6) .
During the last year, the aforementioned claims were investigated by many different and independent groups, with mostly negative results. Especially the claimed difference between intron-containing and intron-less sequences was clearly disproved (9) (10) (11) . Also the 'fractal' genome organization of introncontaining sequences could not be confirmed (9) (10) (11) . To be concrete -and as much self-contained as possible -we summarize in Table 1 the complete analysis of all sequences studied originally by Peng et al. (4) and, additionally, of the cytomegalovirus sequence studied by Voss (5). The differences, which are in many cases considerable, have shortly been discussed (9, 11) . Furthermore, the revealed non-constancy of the 'fractal exponent' a(l) describing the sequences (ref. 4 ; see Table 1 for a consistent definition) is particularly disturbing, since in many cases, a(l) increases with 1 instead of approaching 0. In other words, the 'strength' of this kind of correlations, strangely enough, seems to increase with increasing distance 1.
It has been suggested that genome 'patchiness' may account for the long-range correlations (10) . Patches are DNA regions that differ from each other in nucleotide composition and include HTF islands, Alu repeats, etc. However, many of the patches described do not occur in coding sequences, and these too display long-range correlations (9-11) Furthermore, the 'patchiness' concept still leaves open the fundamental question regarding what biological function these patches and/or the long-range correlations might have. Are the long-range correlations merely a passive reflection of the patches? Or do the patches have to be present in order to produce the long-range correlations, and if so, for what biological purposes are the long-range correlations (fractal structures) required?
We show here that there are multiple independent biological explanations for variations in nucleotide composition along DNA sequences, coding as well as non-coding sequences, and that longrange correlations are a trivial consequence of these variations.
RESULTS AND DISCUSSION
To search for possible biological reasons for the long-range correlations, we investigated in detail the biological features of all sequences given in Table 1 , and in particular diose of the The 'fractal exponent' a is defined (4) as follows: First one defines F(l) = l a (1) . The value for each a given above is the arithmetic average of all a(l) values. F(l) is a measure of the fluctuations of a 'DNA walk' which is defined through the function u(i) = +1 (or -1) for a pyrimidine (or a purine) at the i-th position of the DNA sequence (4). With the abbreviation AyCy = uGo + 1) + ...+ uQ, + 1) one defines
. where the bars represent an average over all possible positions l o of a base in the sequence. FO) is the square root of F 2 (1). We first calculated afl) for 2< lslma, and then we built the arithmetic mean of all a(l) values which defines a. 1,^,, was chosen to be not larger than about one tenth of the DNA sequence under consideration (4). In most cases investigated, the function a(l) is strongly curved (9), i.e., is not a constant, and thus there does not exist a well-defined scaling exponent. (The cytomegalovirus genome, with 229,354 basepairs, has been studied in ref. 5 . Also here the graph of a(l) is strongly curved.) bacteriophage X genome and human cardiac /? myosin heavy chain (MHC) cDNA, for which we obtained a-values differing substantially from those of ref. 4 . In what follows, the pyrimidine/purine ratio R(i), at base positions i along a DNA sequence, plays a crucial role. To calculate R(i) one simply has to choose an interval (or width, say Ai) around the i-th position and to count the corresponding bases therein. In Figure 1 , R(i) for the bacteriophage X genome is presented. One sees that three distinct regions (I, H and HI) appear where R(i) fluctuates around different nearly constant values. (These regions correspond to the quasi-linear regions of the displacement graph y(i) in Figure  1 of ref. 4 .) Calculation of the mean value a of the exponent a(l) within each of these regions yielded values which are significantly lower than the average value of a = 0.61 that we obtained for the complete sequence. However, for the regions of the X genome that contain the points where the ratio changes, a took higher values. Also our second example exhibits these features ( Figure 2) ; the human cardiac /3 MHC cDNA sequence has two distinct regions with quasi-constant values around which the ratio R(i) fluctuates, and we observed qualitatively the same behaviour of a within these regions.
These as well as additional sequence analyses demonstrate that the value of a correlates with variations of R(i) in the sense that sequence regions with quasi-constant R(i) (homogeneous pyrimidine/purine composition) give a =0.5, whereas sequence regions with varying R(i) give higher a; cf. also ref. 12. Karlin and Brendel (10) have recently presented a mathematical analysis of the connection between patchiness -which is similar to our R(i) variations -and long-range correlations, and showed that the latter are a trivial consequence of the former. Peng et al. (4) reported that analysis of some intron-containing sequences using regions between minima and maxima ('min-max partitioning') did not change the exponent a. This is just due to complex R(i) variations in these segments, producing numerous local minima and maxima (in this context, note the difference in scale between Figure la Additionally, the almost 50 tandem copies of a 17-mer repeat in intron 2 of the coagulation factor VII gene (studied in ref. 1) are not by themselves capable of generating a high a value. In certain cases, however, repeats will be able to generate a values which deviate from 0.5. For instance, pyrimidine-rich repeats like poly(C) or poly (CT) will generate such a values if the repeat units appear at large distances -with respect to caliper I -from each other or if they alternate with purine-rich repeats (19) . It is well known that introns and intergenic sequences display numerous tracts of simple nucleotide repeats of varying length, e.g. (AGGGCTGGAGG) n (14) . The /3-cardiac myosin heavy chain gene, for instance, contains in its introns several simple repeats which differ from each other in their pyrimidine/purine ratio. Thus, the finding called with mathematical terminology 'longrange correlations' may appear because a pyrimidine-rich region is present in one place at some distance from a purine-rich region. However, this does not mean (see ref. 10 ) that the regions in any way influence each other, although it has been interpreted to mean so (3; see also ref. 6 ). Furthermore, the finding that simple repeats may account for the long-range correlations would still leave open the important question regarding what biological function the simple repeats and/or the long-range correlations might have.
It should be stressed that the simple repeats are highly variable and may differ in length (i.e., in the number of repeat units) even between individuals within the same population (14) . Indeed, such repeats seem to be the most variable parts of genomes and may in fact be used to identify individual members of a population because each individual will display a unique pattern of simple repeats (so called mini-satellites) (14) . The variability is probably due to errors introduced by DNA polymerases during DNA replication (15) . The great variability makes it unlikely that most simple repeats that are dispersed in genomes have a well defined biological function. Repeats at centromeres and telomeres, in contrast, do have functions, but such repeats are not present in any of the sequences analysed here or in the literature cited.
A more complex type of dispersed repeats listed as a potential cause of long-range correlations, the primate Alu repeats (see ref. 10) , quite clearly has no biological function but can be regarded as selfish or parasitic DNA (16) . Such small interspersed nucleotide elements (SINEs) differ extensively between quite closely related organisms such as the different mammalian orders. Thus, it appears like the simple repeats and SINEs do not have a function of their own, and their variability, both in structure and evolutionary distribution, further suggests that they are not present for the purpose of providing any long-range correlations. This leaves the long-range correlations as a passive reflection of mostly non-functional DNA segments.
As mentioned above, we and others have noted certain types of long-range correlations also in intron-less sequences (9-11). Our work shows that in all cases the correlations are related to changes in the ratio R(i) along the DNA sequences. However, changes of R(i) along intron-less DNA sequences may be less conspicuous and are likely to have different biological causes than simple repeats. Let us consider here some concrete examples.
For the phage X genome the three regions with different pyrimidine/purine ratio R(i) correlate with the direction of transcription (Figure 1) (17) . Thus, the coding strand has a higher purine content throughout this genome. To test the consequence of transcriptional direction, we performed with the computer an inversion of the central region so that the entire genome would be transcribed in the same direction. This gave indeed a = 0.53 (for ^ = 1,000). This preponderance of purine on the coding strand of the X genome presumably relates to codon preferences.
The /3-cardiac myosin heavy chain (MHC) cDNA sequences show a change in the ratio R(i) around position 2,500 bp ( Figure  2 and Figure lb of ref. 4) . This change correlates precisely with the boundary between the two domains of the MHC protein. The MHC is composed of two distinct domains with characteristic features (18) . The amino-terminal 850 amino acids comprise a globular domain with a high content of proline and the aromatic amino acids tyrosine and phenylalanine, all of which have pyrimidine-rich codons. The remainder of the protein constitutes an a-helical rod practically devoid of proline and low in phenylalanine and tyrosine. The rod domain has a preponderance of glutamate which utilizes codons with only purines. Thus, the different pyrimidine/purine ratios of the two parts of the MHC cDNA sequence are a consequence of evolutionary selection for the amino acid composition of the corresponding protein domains. For the four-fold degenerate amino acids, the proportion of codons with pyrimidines in the wobble position is approximately the same between the two domains. This shows that choice of wobble base does not contribute to the difference in base composition, strongly indicating that codon preferences rather than some inherent property of the DNA sequence determine pyrimidine/purine ratio along the DNA strand. All MHC sequences, regardless of animal species, display these characteristic features (18) . The reason why the embryonic MHC sequence gives a different (and smaller) a value (see Table 1 ) is because it is incomplete and only contains the part encoding the rod domain; thus it does not contain the aforementioned point of change of the ratio R(i). Also the cDNA sequences of chicken c-myb and human dystrophin contain regions with different nucleotide ratios which correlate with the amino acid composition of the different parts of the proteins. Other intron-less sequences are more homogeneous in their nucleotide composition as exemplified by a large number of yeast intron-less genes described in ref. 11 .
The human mitochondrial genome, finally, is composed of multiple intron-less genes. Here, the ribosomal genes display a value of R(i) which is quite different from the genes that encode proteins (results not shown). Also, the postulated URF6 gene differs slightly in R(i) from its flanking genes ND5 and cytochrome b. The URF6 gene is on the opposite strand from the other two.
These findings suggest that it is not necessary to assume the pyrimidine/purine dichotomy in order to get a-values larger than 0.5. To test this, we computed the same quantity F(l) by considering (G,C) versus (A,T), as G and C form a WatsonCrick basepair with a different number of H-bonds than the A-T basepair. Indeed, we obtained completely analogous results with those presented above for pyrimidines versus purines; see Figure  3 where the corresponding results related to the sequence of phage X are shown.
The possible biological significance of the Voss study (5) cannot be assessed, since his results are averages over complete GenBank database categories, thus discarding the fact that these categories are not of equal taxonomic rank. Moreover, our current (preliminary) investigations show that the /3-values (5) of individual sequences within one evolutionary (or database) category differ much more than the average /3 values of different categories, thus making the use of 0 for characterization of individual sequences useless.
CONCLUSIONS
These analyses and considerations allow us to conclude the following: The long-range correlations described in ref. 4 are simply caused by, and completely equivalent to, variations in the pyrimidine/purine ratio R(i) along a DNA sequence. The varying ratio along intron-less sequences may have simple biological explanations, as the above examples demonstrate explicitly, and the mathematical long-range correlations appear as a trivial result of these variations. This strongly suggests that also the long-range correlations in intron-containing sequences are simply reflections of base-composition fluctuations. Thus, instead of speaking about 'fractals' etc. -and applying Occam's razor -it is much simpler, less time consuming, and also intuitively clearer to determine the ratio R(i) along a DNA sequence.
